Compression-based fusionless tethers are an alternative to conventional surgical treatments of pediatric scoliosis. Anterior approaches place an anterior (ANT) tether on the anterolateral convexity of the deformed spine to modify growth. Posterior, or costovertebral (CV), approaches have not been assessed for biomechanical and corrective effectiveness. The objective was to biomechanically assess CV and ANT tethers using six patient-specific, finite element models of adolescent scoliotic patients (11.9 AE 0.7 years, Cobb 34˚AE 10˚). A validated algorithm simulated the growth and Hueter-Volkmann growth modulation over a period of 2 years with the CV and ANT tethers at two initial tensions (100, 200 N). The models without tethering also simulated deformity progression with Cobb angle increasing from 34˚to 56˚, axial rotation 11˚to 13˚, and kyphosis 28˚to 32˚(mean values). With the CV tether, the Cobb angle was reduced to 27˚and 20˚for tensions of 100 and 200 N, respectively, kyphosis to 21˚and 19˚, and no change in axial rotation. With the ANT tether, Cobb was reduced to 32˚and 9˚for 100 and 200 N, respectively, kyphosis unchanged, and axial rotation to 3˚and 0˚. While the CV tether mildly corrected the coronal curve over a 2-year growth period, it had sagittal lordosing effect, particularly with increasing initial axial rotation (>15˚). The ANT tether achieved coronal correction, maintained kyphosis, and reduced the axial rotation, but over-correction was simulated at higher initial tensions. This biomechanical study captured the differences between a CV and ANT tether and indicated the variability arising from the patient-specific characteristics. ß
The pathogenesis of adolescent idiopathic scoliosis (AIS), a complex three-dimensional (3D) deformity of the spine, is still unknown. Scoliosis progression pathomechanism has been described using the "vicious cycle" concept based on the Hueter-Volkmann principle. 1 In the cycle, the forces on the scoliotic curve generate asymmetrical compression loads that inhibit vertebral growth on the concave side of the spine. With differential vertebral growth on the convex side, the imbalance produces vertebral wedging and scoliosis progression. 2 Different fusionless surgical techniques are being used to enhance the treatment of progressive spinal deformities. These techniques attempt to utilize residual spinal growth to achieve growth modulation that modifies vertebral geometry and, consequently, encourages the realignment of the spine. This can be achieved by compression on the convexity of the spine deformity, distraction on the concavity of the scoliosis curve, or by growth guidance of the correction. 3 By eliminating the need for segmental arthrodesis, fusionless techniques enable, theoretically, less invasive surgery and conserving spinal flexibility. Several studies have notably demonstrated that compression tethering has the potential to efficiently treat scoliosis progression, either in humans [4] [5] [6] or animal models. [7] [8] [9] [10] [11] [12] [13] [14] To our knowledge, only a few studies have numerically investigated the biomechanical action of compression tether systems using a finite element model and a growth modulation representation to compare different growth-sparing devices (rigid staples, memory-alloy staples, anterior tethers, hemi-staples). 6, 15 The anterior tether system requires a lateral surgical approach, but posterior approaches are more widely used in spinal pediatric patients. However, the impact of a compression-based tether implanted posteriorly in the costo-transverse foramen is not yet known from a biomechanical and correction perspective. The purpose of this study, therefore, was to numerically analyze the concept of a compression-based tether in the costo-transverse foramen along the costovertebral junctions and to biomechanically compare its efficiency to anterior tether systems for the fusionless treatment of pediatric scoliosis.
METHODS

Patient-Specific Finite Element Models
Six progressive thoracic AIS patients (1 male [P1], 5 females [P2-P6]), with a diversity of presenting curves, from the hospital database were retrospectively chosen for this study, which was approved by an institutional ethical committee; each participant and their parents previously gave written consent. The thoracic and lumbar Cobb angles (mean AE SD) were 34˚AE 10˚and 20˚AE 6˚, respectively, and age 11.9 AE 0.7 years old. One patient was hypokyphotic, four were normokyphotic (20˚-40˚), and one was slightly above 40˚. The axial rotations at the apex of the thoracic curve ranged between 6å nd 23˚. All angles: Thoracic and lumbar Cobb angles, kyphosis, lordosis, and apical axial rotation are indicated on the radiographs (Fig. 1) .
A patient-specific finite element model (FEM) was constructed for each patient using ANSYS 14.5 finite element package (ANSYS Inc., Canonsburg, PA) and methods previously validated [16] [17] [18] [19] (Fig. 2C ). Model geometry was generated from a 3D reconstruction of the spine, rib cage, and pelvis from postero-anterior and lateral calibrated radiographs ( Fig. 2A) simultaneously taken with a low-dose digital radiographic system (EOS TM , EOS imaging, France). 16 A free-form deformation algorithm was used to generate a comprehensive 3D model based on anatomical reference landmarks (Fig. 2B) . The accuracy of this model is 1.0 mm for the spine and pelvis and 1.9 mm for the rib cage. 16, 17 The FEM of the thoracic and lumbar vertebrae with the intervertebral discs were represented by 3D volumic hexahedric and beam elements. The rib cage (ribs, sternum, and costal cartilages) was represented by 3D elastic beam elements. The articular joints were modeled by shells and non-linear contact elements, and the vertebral ligaments by tension-only spring elements. All materials were modeled as linear elastic with mechanical properties taken from experimental and published data [18] [19] [20] summarized in Table 1 .
Modeling of Gravitational Forces and Prone Position
The analyses were performed sequentially to model not only the upright posture, but the virtual operative implantation as well. This framework appropriately captured the compres- 
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sive stresses acting on the vertebral growth plates including both intraoperative tether compression and subsequent gravitational loading in upright posture. Gravitational forces throughout the intra-operative, recumbent procedures as well as spinal loads in the erect posture were modeled according to a previous study. 21 In summary, nodes corresponding to the center of mass of each vertebral level were defined, on which gravitational forces were applied using published values 21, 22, 23 linearly scaled to the patient's weight and morphology.
To simulate the prone position, forces resulting from an optimization process were first applied vertically upward on the trunk FEM (whose geometry is based on the X-rays acquired in the standing position) in order to find the zerogravity geometry of the patient. 21 Gravitational forces were then applied in the anterior (or lateral) direction to obtain the intraoperative prone (or lateral decubitus) position configuration.
To simulate the passage from the recumbent intraoperative position to the post-operative standing position (after the tether installation simulation, cf. latter section), the direction of the gravitational forces was changed from anterior/lateral to vertical descending. The configuration of the patient under gravity in the standing position was obtained and included stresses due to the presence of gravitational forces. 21 During the entire simulation process, appropriate boundary conditions were applied on the trunk model to simulate the intraoperative interface with the operating table, and postoperatively to balance the spine and represent the overall behavior of the isolated torso model: The pelvis was fixed in space, while translations of the first thoracic vertebra (T1) were blocked in the transverse plane only.
Growth Modulation Modeling and Validation
Spinal growth was simulated, over a period of 2 years, following a validated method previously used in several scoliosis studies. [24] [25] [26] [27] [28] [29] In brief, the process ( Fig. 3 ) begins with spinal loading followed by a computed growth response in the epiphyseal growth plates, after which the geometry of the model was updated. This process was repeated during the 24-month simulated growth phase. The governing equation regulating the longitudinal bone growth (G) of the vertebral bodies, is based on correlations acquired from quantified growth rates under external forces for various animal species 30 :
This equation provides the ratio of expected vertebral longitudinal growth rates (G m : 0.8 mm/yr for the thoracic vertebrae and 1.1 mm/yr for the lumbar vertebrae), 31, 32 according to the difference in magnitudes between pathologic stress in the growth plate (s) and asymptomatic physiological stress computed in the reference erect posture (s m ). The growth sensitivity factor (b) was calibrated at 0.8 MPa À1 in order to simulate a plausible scoliotic progression, based on available follow-up radiographs. G was set to 0 when b (s À s m ) was greater than 1 to represent an arrest of growth.
To evaluate the growth model for the patients where curve progression was observed clinically over the full 2 years, the simulated uninstrumented evolution of the Cobb angle, over 24 months, was compared to the actual Cobb angles measured on available radiographs (Fig. 4) . In a complementary study, we verified the model using 20 CV AND ANTERIOR TETHER SIMULATION 257 patients that were followed over 2 years with Anterior Vertebral Body Tethering. The model prediction was on average within 3˚of that of the actual immediate correction and for the documented 2-year post-operative follow-up, and AE2% for T1-L5 height. 29 
CV Tether Finite Element Modeling
The tether was computationally (virtually) modeled using cylindrical cable-like elements with the material properties of high-modulus polyethylene (HMPE) (radius ¼ 1.6 mm, E ¼ 126,000 MPa, n ¼ 0.3) (Fig. 5) . Contact constraints between the tether and the costotransverse foramen were represented by "eyelet screws." This screw was modeled by a circular tube (internal radius ¼ 1.7 mm) and rigidly linked to the CV joint by a beam. The interaction between the "eyelet screws" and the tether was modeled by a beam-to-beam contact interface (contact stiffness ¼ 50 N/mm). For all models, the eyelet screws were positioned at each vertebral level between T6 and T10 on the convex side of the thoracic curve.
The first step of the CV tether simulation process was to represent the intraoperative prone position, as described previously. The eyelet screw at T6 level was then locked by imposing no sliding for the contact interface. A tensile force of 100 or 200 N was applied on the lower extremity of the tether, with a counter reaction applied on the lowest instrumented level (LIV). Following simulation the eyelet screw at T10 level was locked, the tensile force removed and the final equilibrium state was computed. Following installation, the tether was consequently fully fixed at endpoint screws and sliding in all intermediate screws. The final step was to simulate the passage from the intra-operative prone to the post-operative standing position by applying vertical descending gravitational forces. The growth of the spine then was simulated using the methods described for a period of 24 months. The entire simulation process was highly non-linear (large strain, large rotation, contact status change) and used the Newton-Raphson method in order to reach convergence.
Anterior Tether FE Modeling
Anterior tether instrumentation was also computationally (virtually) simulated for the same six patients (Fig. 6) . The instrumented levels were identical to the CV tether (from T6 to T10). The screws were positioned laterally to the vertebral bodies (Fig. 6) . Compared to the apical screw, the first and last screws were positioned slightly more anteriorly by 10˚to generate a de-rotational effect. The simulation process of the anterior tether was identical to the simulation process of the CV tether except the lateral decubitus intraoperative position. The growth of the spine was simulated using the methods described for a period of 24 months. In every instance, two tether tensions were tested (100 and 200 N).
Numerical and Statistical Analysis
For each patient, the two tether systems were compared in terms of immediate correction capability. The following clinical indices were computed using validated methods 33, 34 :
Main thoracic (MT Cobb) and lumbar (L Cobb) Cobb angles Constrained thoracic Cobb (T6-T10): Cobb angle calculated between the instrumented levels (T6-T10) Apical thoracic axial rotation Maximum kyphosis Constrained kyphosis (T6-T10): Kyphosis angle calculated between the instrumented levels (T6-T10).
Maximum lordosis
Correction ratio between sagittal and coronal planes:
(Kyphosis and Cobb angles in this equation are constrained to T6-T10).
When the correction ratio is less than 1, the tether system has more effect in the coronal plane than in the sagittal plane. A correction ratio equal to 1 indicates similar effects in both the sagittal and coronal planes. When greater than 1, the biomechanical leverage is greater in the sagittal plane than the coronal plane.
Each model represented, first, the initial deformity and, then the progressive deformity arising from the natural history without instrumentation. Subsequent simulations represented the operative procedure with the CV and ANT tethers and 24 months simulated follow-up. The statistical analysis to compare the clinical indices was repeatedmeasures analysis of variance (RM-ANOVA) with MINITAB v17 (Minitab, Inc., State College, PA), significance at 0.05, and multiple comparisons with Bonferroni. The withinpatient factors were the comparisons between the initial deformity, progressive deformity, CV tether, and ANT tether at two time points (immediate post-operative and 2-year simulation) and two forces (100, 200 N).
RESULTS
Typical examples of simulation results for two patients are presented (Fig. 7) to show the spinal shape in the coronal and sagittal planes, as well as constrained Cobb angles and kyphosis (T6-T10). The 3D views illustrate the initial, or pre-operative state, the progressive deformity simulation, and the simulated (Fig. 7A) progressed from 20˚to 44˚and the constrained kyphosis from 15˚to 18˚in the progressive deformity simulation. The simulated constrained thoracic Cobb angle with a CV tether was reduced to 8˚and 1˚for tensions of 100 and 200N, respectively. The constrained kyphosis was reduced to 8˚and À1( the negative sign means a thoracic lordosis occurred). With the anterior tether, the simulated constrained thoracic Cobb angle was reduced to 1˚and À37˚(the negative sign means an over-correction, that is, spine Growth simulation results for Patient #2. The spinal shape is illustrated for the initial deformity from radiographs, the simulated progressive deformity to 2 years due to growth, immediately after the tether simulation and then after simulated 2 years growth for each tether system at each tether tension. deformity on the other side) for tensions of 100 and 200 N, respectively. The constrained kyphosis progressed to 17˚and 19˚. In the progressive deformity simulation, the thoracic Cobb angle progressed from 34 AE 10˚(mean AE SD) to 56 AE 9˚, the lumbar Cobb from 20 AE 6˚to 27 AE 6˚, and the axial rotation from 11 AE 7˚to 13 AE 7˚ (Table 2) . Kyphosis and lordosis mean differences remained under 4˚. The changes in thoracic Cobb were statistically significant for the progressive deformity compared to the initial state (p < 0.05; Fig. 8A ).
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For the CV tether system the simulated thoracic Cobb angle was reduced immediately post-op to 30 AE 11˚and 28 AE 12˚for tensions of 100 and 200 N, respectively. The kyphosis was reduced to 25 AE 13˚and 22 AE 13˚. The apical axial rotation remained stable at 11 AE 9˚. After 2 years growth, the simulated thoracic Cobb angles were reduced to 27 AE 12˚and 20 AE 14˚for tensions of 100 and 200 N, respectively. The kyphosis was reduced to 21 AE 13˚and 19 AE 14˚. The apical axial rotation variation remained under 1˚. Due to the variability in the thoracic Cobb angle with the CV tether, it was insignificant compared to the coronal deformity, but it was significantly different in the lordosing effect (p < 0.05; Fig. 8B ).
For the ANT tether system, the simulated thoracic Cobb angle was reduced immediately post-op to 28 AE 10˚and 24 AE 11˚for tensions of 100 and 200 N, respectively. The kyphosis remained stable at 28 AE 12˚. The apical axial rotation was reduced to 5 AE 8˚and 3 AE 7˚. After a 2 years growth, the simulated thoracic Cobb angle was reduced to 32 AE 16˚and 9 AE 26˚for tensions of 100 and 200 N, respectively. The kyphosis variation remained under 1˚. The apical axial rotation was reduced to 3 AE 7˚and 0 AE 9˚. The ANT tether was significantly different from the initial and progressive deformity (p < 0.05; Fig. 8A ), equivalent in kyphosis (Fig. 8B) , and different in the axial derotation (Fig. 8C) .
Although the CV tether did reduce the coronal curvature ( Fig. 9A ) with increasing initial tether tension, the ANT tether had a larger reduction in curvature and, at the larger tension, produced overcorrection in the 2-year simulation. Conversely, the CV tether had an increasing lordosing effect on the spinal kyphosis (Fig. 9B) , yielding a "flat" spine (0˚) at 2 years at the higher initial tension. Axial derotation was observed for the ANT tether (Fig. 9C) , but not the CV tether.
DISCUSSION
The simulated CV tether system generated an immediate slight correction in the coronal plane (25% reduction in thoracic Cobb angle with respect to the initial condition), but it had more impact in the sagittal plane, where it reduced the kyphosis or created "flatback." This trend is represented by the mean sagittal/coronal correction ratio of 1.3 overall. In addition, the stress distribution on the growth plates was altered postero-laterally on the convex side of the curve, which explains the 50% correctional effect in the coronal plane and even greater effect in kyphosis reduction. Lastly, the simulation of a CV tether generated no correction in the transverse plane.
The sagittal/coronal correction ratio effects of the CV tether depend on the initial scoliotic deformity configuration. For instance, when the transverse plane axial rotation was large (i.e., Patient 2, Fig. 7B ), the sagittal effects were accentuated with respect to the coronal correction as the costo-transverse foramen was located more posteriorly. This effect was less important in the cases of small initial transverse plane rotations.
In comparison, the anterior tether system acted almost solely in the coronal plane as highlighted by the sagittal/coronal correction ratio near 0.1, and it had a marked derotational effect. Following the simulated 2 years of growth, observable corrections of the coronal deformities were simulated and even yielded Figure 8 . Box-and-whisker plots of (A) the constrained thoracic Cobb (T6-T10); (B) the constrained thoracic kyphosis (T6-T10); (C) the apical axial rotation. The initial deformity, the simulated progressive deformity, and the simulated 2 years growth for each tether system are shown with interquartile ranges and individual symbols to show range. Note: All force levels and timepoints are pooled for the tether systems in this plot. Means that do not share a letter are significantly different by Bonferroni pairwise comparisons at p < 0.05.
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overcorrections with the highest tether tension (200 N). Thus, the initial tether tension plays a role in how quickly or how much correction was achieved in these simulations.
In this numerical study, thoracic AIS patients with various degrees of curve severity were simulated. While the probable range of surgical cases would be 40˚-45˚, the modeling approach was also used to assess those patients with smaller curves that were found to be progressive and that could end with a fusion surgery. The different growthmodulated tether concepts displayed similar trends in these smaller curves as the larger ones. Only the data documenting the geometry and global growth characteristics of the patients was used. The purpose of the study was to biomechanically analyze and compare virtual surgeries (CV and ANT tether concepts); therefore, it was impossible to compare the simulated effects with real outcome. In this study, the removal of the tethers was not simulated, but this could be the subject of futures studies with the presented model.
The approximations and simplifications in the biomechanical model, inherent to any computational work, may have had some impact on the absolute values of the results, but not on the relative comparisons. The most important simplifications were concerning the homogeneous linear elastic behavior of the disks, which did not fully represent the distinction between the nucleus and the annulus, the effects on the disc cell metabolism, and subsequent change over time of material properties within the disc. The disc growth was neglected as it is quite negligible with respect to growth of the vertebral body (based on in-house measurements). Muscle forces were indirectly considered with the applied boundary conditions to maintain spine stability. The mean compressive stress on vertebral endplates (0.2 MPa) was similar to reported experimental values. 35 Different muscle recruitment patterns may lead to different absolute values, but the conclusions based on the relative contribution of the two tethers and tensions tested will not change. The growth data and growth sensitivity factor included in the growth modulation model and representing the sensitivity of bone growth to compressive stresses were calibrated and validated using longitudinal patient data, however, the sensitivity of growth modulation to differential loads may vary between individuals and may change over time. Also, the vertebral growth is reported to be relatively linear over the period of skeletal maturity being described by a Risser sign from 0 to 3. 36 Those assumptions considered to have a certain influence on the reported results were explored in previous studies using sensitivity analyses. 21, [37] [38] [39] Therefore, although the implemented numerical approach contains simplifications, previous sensitivity analyses suggest that adopted numerical techniques do not interfere with relative conclusions reported herein. Finite element modeling is a numerical technique for physics-based simulation under logical assumptions, rather than the complete reconstruction of reality. Lastly, the constraint forces to represent the spinal balance were assumed to be primarily horizontal with gravity and muscular forces acting vertically or along the length of the spine. These forces were not meant to prescribe functional loading nor represent variations in daily activities; however, they provided consistent inputs to simulate spinal stability, generate physiologic growth plate pressures, and compare the two tethers. The results and conclusions of this study should be interpreted within the prescribed conditions.
CONCLUSION
The present computational study demonstrated that a CV tether system was capable of reasonably correcting the scoliotic coronal curves over the long-term (2 years of remaining growth). However, it also produced an undesirable lordosing effect in the sagittal plane, especially when the patient model had an initial axial rotation (>15˚), which it was unable to correct. The anterior tether system was simulated as significantly more efficient than the CV tether system to correct both coronal deformities and axial rotation while maintaining normal kyphosis in the sagittal plane. Higher initial tension in the anterior tether yielded over-correction of the coronal curve when simulated to 2 years. Clinical results with vertebral body tethering have indicated the potential of this occurrence. 40 This biomechanical study showed the importance of considering patient-specific 3D geometry and variability of the simulated response with those parameters and tether tensions.
